After a series of famous accidents of box girder bridges in the last decade, extensive and elaborate research programs have been under way at various institutions aiming at establishing more reasonable design code of box girders.
The present paper is concerned with this torsional effect upon the buckling load, and to be more important, the load carrying capacity of stiffened compressed plates.
EXPERIMENTAL INVESTIGATION (1) Description of Test
The general description of the test program will be briefly given in the following manner. Cross sectional properties Fig. 1 shows the cross section of the longitudinal ribs. Test specimens are named Case i (i= 0, 1, 2, ..., 6) : Case 0 refers to the unstiffened plate, Cases 1 to 3 refer to the cases with single longitudinal rib, and Cases 4 to 6 refer to the cases with two longitudinal ribs. The ribs are designedin such a way that for each Case i (i= 1,6), they possess just about the optimal flexural rigidity 7*. Their geometric dimensions are shown in Table 1 . 
The hollow ribs were made by cutting from the rectangular bars. These are fastened to the flange plate by taps. Shape of the panel and support condition The plate thickness is kept to be 3.2 mm, and the aspect ratio of the panel is also kept constant to ** EI s= flexural rigidity , GJs=torsional rigidity of a rib. D =flexural rigidity of isotropic plates. (2) Evaluation of Plate and Rib Stresses Strains were measured for i) investigating the general behavior of stiffened plates, ii) investigating the load distribution characteristics of ribs in relation to the plate element, and iii) checking the reliability of experimental data . The last purpose points out the necessary condition that the total load from the testing machine must be equilibrated by ,the total longitudinal reaction force of the stiffened plate.
Assuming the linear elasticity of the material , the average axial stress of the stiffened plate panel can be given by the equation ( 4 ) authors.* This method utilizes incompatible shape functions for the out-of-plane displacement to reduce the element's degree-of-freedom. In order to make up for the incompatibility of shape functions SEM installs both flexural and torsional springs.
Brief explanations will be given on SEM in the following. Strain energy of element Using the coordinates in Fig. 7 , the strain energy U., of an isotropic plate element can be given by the equations :
where ( 8 ) where w,xx, w,yy, and w,xy refer to the second order partial derivatives of the deflection, w. Shape function The deflection is assumed in the following hyperbolic paraboloid surface ( 9 ) where the constants ai (i = 1, ..., 4) can be determined in terms of nodal displacements wi (i = 4) : (10) Fig. 8 shows two adjacent plate panels joined by a flexible spring.
The spring represents the average flexibility corresponding to the bending action to make up for the inconsistency introduced by the above shape function. (see Fig. 9 )
The work done by the plate element due to the action of axial thrust Nx is given by the equation : (See Fig. 7) (17)
The work done by the axial rib force Ps through the flexural deformation of the rib is given by the equation : (See Fig. 10) (18) Finally, the strain energy due to the torsional deformation of ribs can be given by the equation : (See Fig. 11 
in which the subscripts p, s, b and t refer to the plate element, stiffener, flexure, and torsion, respectively, and a =length of a SEM element ; n = number of transverse meshes, furthermore, the above matrices can be obtained by globalization of the element stiffness matrices : (upperscript e refers to the element stiffness) ( See Fig. 8); (See Fig. 9); (See Fig. 7 and obtained initially by finite element with the rectangular element shown in Fig. 12 . This element is an ACM element characterized by the nonconforming cubic shape function and the rectangular element. The exact formulation of the problem is performed in Reference15), thus, the formulation is entirely omitted herein.
(3) Accuracy of SEM Several examples will be shown to show the relative error to the exact solution and the outof-plane degree-of-freedom. Buckling load of compressed simply supported square plate1), 13) This example demonstrates the validity of SEM. Buckling load of simply supported square plate under pure shear1), 13) This example also demonstrates the efficiency of SEM. Buckling load of compressed plates with a single stiffener1), 12) In this example the partition is taken to be 10 It has been shown that good correlations exist between the results from this formula and various experimental results available.15)
The ultimate loads of the tested panels as predicted by Eq. (24) are provided in Table 5 . According to the table, the formula tends to overestimate the strength of most test panels to some extent; however, the correlation will be not too bad.
RESULTS OF COMPRESSION TESTS (1) Initial Deflection
The results of the measurement of the initial deflections of the tested plates are shown in Fig. 21 . It seems that the cylindrical surface of the initial deflection was inevitable in view of the fabrication of the test specimens and the structure of the test rig, although the eccentricity of loading was carefully minimized.
(2) Load and Out-of-plane Deflection
Figs. 22 shows the deflections plotted against the jack loads. The deflections are numbered in accordance with Fig. 5 . From these curves it will be seen that the deflections increased signifi- cantly as the load approached the ultimate value. This phenomenon seems to resemble to those of structures controlled by unstable symmetric bifurcation buckling where the ultimate strength is characterized by outstandingly increasing deflection.
Furthermore, it is to be noted that the ribs underwent significant deflection although the buckling mode of the idealized stiffened plates were such that the ribs formed nodal lines. This difference may be attributed to the assumption that the stiffeners are replaced by the equivalent ones fastened symmetrically to the plate element in the theoretical analysis, in spite of the fact that the actual stiffeners were fastened asymmetrically . axial strains of test panels for different levels of loading (See also Fig. 5 ).
The axial strain redistributions caused by large deflection of the stiffened plates were found not unique : The distribution in Cases 0 and 3 showed a typical pocket of half wave near the center. Those of Cases 1 and 2 showed strain concentrations along the rib, and showed adjacent pockets. Those of Case 4, on the other hand, showed global convex distribution of axial compressive strains.
Moreover, those of Cases 5 and 6 showed rather uniform distributions.
(4) Distribution of Axial Strains of Ribs Versus Load
Figs. 24 shows the distribution of the axial strains of the ribs for different load levels. It will be seen that the failure of the test specimens was Fig. 26 . These mechanisms will be seen wholly different from those observed previously15), where the tested sections were designed to be the compression flange of box girders subjected to two-point loading. That is, in the previous testing, the plastic deformation developed so well that the typical roof-like fold lines were formed.
It seems perhaps that this time the supporting frames were not rigid enough against the outstanding growth of the deflections so that the plastic fold lines could not deyelope well. 5 . mental and theoretical investigations, the following conclusions may be drawn :
(1) The buckling strength of stiffened plates can be significantly improved by the existence of torsional rigidity up to certain maximum value in the case when the flexural rigidity of the rib is more than the optimal value; however, (2) the existence of excessive torsional rigidity of ribs was not observed to result in significant improvement of the ultimate strength of the stiffened plates.
(3) Except for Case 0, which corresponds to an unstiffened plate, the postbuckling reservation was not found to exist. (4) The ultimate strength of the tested specimens were well predicted by the formula which one of the authors established for compressed longitudinally stiffened plates without substantial torsional rigidity.
(5) The continuity of the ribs was found quite important since the strength of stiffened plates is significantly depending on whether the ribs are directly loaded or not.
(6) The test rig consisting of universal joints, attachments, and shafts served fairly well to represent the condition of simply supported unloaded edges. However, this rig was observed not sufficient for large deformations of test specimens. Thus, the experimental investigation which takes into account the large displacements in the final stage of loading is strongly recommended. The test specimens should be conveniently of box cross section. 
